Abstract. We present multi-instrumented measurements and multi-technique analysis of polar cap patches observed early during the recovery phase of the major magnetic storm of 20 November 2003 to investigate the origin of the polar cap patches. During this event, the Qaanaaq imager observed elongated polar cap patches, some of which containing variable brightness; the Qaanaaq digisonde detected abrupt N m F 2 fluctuations; the Sondrestrom incoherent scatter radar (ISR) measured patches placed close to but poleward of the auroral oval-polar cap boundary; and the DMSP-F13 satellite intersected topside density enhancements, corroborating the presence of the patches seen by the imager, the digisonde, and the Sondrestrom ISR. A 2-D cross-correlation analysis was applied to series of two consecutive red-line images, indicating that the magnitude and direction of the patch velocities were in good agreement with the SuperDARN convection patterns. We applied a back-tracing analysis to the patch locations and found that most of the patches seen between 20:41 and 21:29 UT were likely transiting the throat region near 19:41 UT. Inspection of the SuperDARN velocities at this time indicates spatial and temporal collocation of a gap region between patches and large (1.7 km s −1 ) lineof-sight velocities. The variable airglow brightness of the patches observed between 20:33 and 20:43 UT was investigated using the numerical Global Theoretical Ionospheric Model (GTIM) driven by the SuperDARN convection patterns and a variable upward/downward neutral wind. Our numerical results indicate that variations in the airglow intensity up to 265 R can be produced by a constant 70 m s −1 downward vertical wind.
Introduction
Early measurements of polar cap densities conducted at Thule, Greenland (86 • mlat), indicated the presence of large regions containing enhanced ionization, named polar cap patches, occurring preferentially during magnetically disturbed periods (B z south conditions) (Buchau et al., 1983) . During the last 30 years, measurements of polar cap patches have provided information on their typical horizontal dimensions (between 100 and 1000 km) (Weber et al., 1984) , their prevailing motion (antisunward), and their variety of shapes with a preference for cigar-shaped forms containing a major axis aligned in the dawn-dusk direction. During the 1980s, it was found that the density within the patches reached 10 6 el cm −3 at 250 km altitude, while outside the ionization dropped below 10 5 el cm −3 at 400 km altitude. Month-long experiments indicated that the hourly pattern of patch occurrence coincided with the universal time that the dayside auroral oval moves further down to lower geographic latitudes. This indicated that the solar-produced sub-auroral ionosphere was the source region of the patches (Buchau et al., 1985) . Measurements at Chatanika and Sondrestrom conducted by Foster and Doupnik (1984) and Kelly and Vickrey (1984) confirmed that sub-auroral densities intrude through the dayside throat region, forming a continuous and long tongue of ionization (TOI). However, the patchy nature of the density enhancements implied the presence of a formation mechanism able to fragment the TOI.
The first formulation of a patch-formation mechanism consisted of sudden reversals of the B y and/or B z interplanetary magnetic field (IMF) components (Tsunoda, 1988) . Shortly afterwards, numerical simulations confirmed that varying the convection pattern due to the migration of the reconnection point and a consequent redirection of the tension force (Sojka et al., 1993) or a resizing of the polar cap (Anderson et al., 1988) , as commonly occurs when B z switches sign, could result in a fragmented TOI resembling the observed polar cap patches. However, the observational fact that patches commonly occur in a succession of several polar cap patches separated by time intervals as short as 10 min raised some doubts about the efficiency of these mechanisms. More comprehensive measurements were conducted in the 1990s combining instruments placed at the center of the polar cap and observatories located at the boundary of the auroral oval and polar cap, such as the Sondrestrom and EISCAT incoherent radars. These investigations demonstrated that large plasma jets are effective in creating a region of depleted densities across the TOI by enhancing the O + recombination coefficient and transporting less dense plasma from later local times (Rodger et al., 1994; Valladares et al., 1994 Valladares et al., , 1996 . Observations gathered mainly from EISCAT, but also from the EISCAT Svalbard radar (ESR), have confirmed the important role of transient magnetic reconnection in bringing plasma into the polar cap and creating patches (Lockwood and Carlson, 1992; Carlson et al., 2002 Carlson et al., , 2004 . Lorentzen et al. (2010) found that for each poleward-moving auroral form (PMAF) there existed enhanced ionization moving into the polar cap, giving more credence to the transient reconnection. In addition, Carlson et al. (2007) stressed the role of shear-driven instabilities in first rapidly structuring the plasma, after which gradient drift instabilities develop based on these large-scale seeds. More recently, Carlson (2012) pointed out the role of velocity shears to more efficiently separate the continuous dayside plasma in regions of low and high density and simultaneously seed other plasma-structuring processes. Oksavik et al. (2010) tracked the motion of polar cap patches from the dayside Svalbard sector to the nightside Alaska sector to find a continuous growth of the irregularities across the polar cap. MacDougall and Jayachandran (2007) used f 0 F 2 values from several stations located in the Canadian Arctic to propose a mechanism for patch generation in which density enhancements were produced by low-energy electron precipitation as the plasma returns from midnight around the dawn convection cell. Cusp/cleft particle precipitation can also form polar cap patches (Walker et al., 1999) . In other situations when the IMF is directed northward, cusp precipitation is able to form a patch in a stirred lobe cell . Moen et al. (2006) used radar and all-sky observations to find that downward Birkeland current sheets are able to segment the TOI, creating a sequence of patches at latitudes equatorward of the cusp/cleft region. Bust and Crowley (2007) used a trajectory analysis method and an assimilation scheme to conclude that a sequence of patches observed at Svalbard on 12 December 2001 had been transported toward noon from the morning and afternoon sectors, and sometimes the patch densities originated at 62 • geographic latitude. Bust and Crowley (2007) also indicated the need to use first-principle numerical models to associate ionospheric measurements conducted at separate locations to investigate the patch origin, and to forecast the decay of the large-scale enhanced densities. These new investigations emphasize a new trend in polar cap patch research that tries to attain polar-cap-wide coverage and to complement experimental measurements with numerical assimilations. During magnetically active days, large-scale gravity waves, generated in the auroral zone, propagate equatorward (Hocke and Schlegel, 1996) or circulate across the polar cap (Johnson et al., 1995) . However, the interaction between gravity waves and polar cap patches has not been reported before.
This paper presents observations of polar cap patches conducted at Qaanaaq and Sondrestrom as well as ancillary data collected by the SuperDARN radars and DMSP satellites during the recovery phase of the major magnetic storm of 20 November 2003. We present observations of 630.0 nm airglow, digisonde bottomside densities, and UHF scintillations conducted near the center of the polar cap at Qaanaaq, Greenland, in which series of polar cap patches were detected moving with the global convection (Sect. 3). The goals of this paper are to document the morphology and dynamics of polar cap patches during extremely disturbed conditions, to describe brightness changes of patch airglow, and to postulate that plasma dynamics near noon were responsible for the patch fragmentation on 20 November 2003. This paper also introduces a method of determining the patch velocity using a 2-D cross-correlation analysis of two adjacent 630.0 nm images (Sect. 4), a back-tracing trajectory analysis (Sect. 5), and forward-in-time modeling of the patch densities and 630.0 nm airglow intensities (Sect. 6).
The super-storm of 20 November 2003
The largest geomagnetic storm of solar cycle 23 occurred on 20 November 2003, caused by a fast and wide coronal mass ejection (Gopalswamy et al., 2005) . The storm started at 07:28 UT with the arrival of the shock and reached a minimum SYM-H index (equivalent to 1 min Dst) of about −490 nT at 18:18 UT ) (see Fig. 1 of Gopalswamy et al., 2005 , for a display of Dst index and the solar wind parameters). During the main phase of the storm, the IMF B z reached −52 nT at 15:15 UT. During our observations the IMF B z was nearly constant and about −20 nT (20:00-22:00 UT). The IMF B y was negative and about −20 nT after 19:30 UT. During major magnetic storms, the interaction between the solar wind and the magnetosphere causes a change in the region 1 and 2 currents. Under these conditions, the shielding characteristics are varied, allowing an instantaneous penetration of an electric field from high latitude to the middle and low latitudes. 2005; Meier et al., 2005; Crowley et al., 2006; Basu et al., 2007) . Foster et al. (2005) The DMSP satellite measured the characteristics of the electron and ion particle populations and the direction of the cross-track drift velocities to help identify the boundaries of the polar cap. Figure 1 shows the value of 630.0 nm airglow emissions, the S4 scintillation index, the peak density of the F region, and density profiles of the F-region bottomside. The last two observables were measured by the Qaanaaq digisonde operating in a 5 min cadence time. The bottom panel also displays two iso-density contour traces corresponding to 10 5 and 10 6 cm −3 . A prominent feature in this plot is the rapid variability in h m F 2 and N m F 2 . Between 20:00 and 21:00 UT the F-region peak varied from 500 to 400 km altitude and a series of density enhancements was detected as the digisonde peak density varied between 2 × 10 5 and 2 × 10 6 cm −3 . After 21:00 UT, and during the recovery phase of the storm, the number density continues to display rapid altitude variations. Several authors (e.g., Weber et al., 1984; Crowley, 1996) have defined polar cap patches to be 2-10 times larger than the background density in the polar ionosphere. Here, we classify a polar cap patch when the density enhances by a factor of at least 2; simultaneously, the imager detects discrete regions of airglow 40 R above the average and the scintillation index increases above the noise level. However, we indicate that some patches may have a low level of scintillations due to a low density or small density gradient.
Qaanaaq observations
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On 20 November the Qaanaaq imager started operations shortly after 20:00 UT. Figure 1a displays relative values of 630.0 nm intensities that were calculated by averaging four pixels taken directly overhead the station. The calibrated values of the airglow emissions have the average intensity of each image subtracted, a value equal to 1200 R. The dotted line placed at 40 R indicates our designated threshold values for possible patch detections. Values above this line are defined as enhanced airglow levels that could be produced by patches transiting across the imager field of view. Two large positive excursions observed between 20:15 and 21:00 UT correlate well with increases in the number density (Fig. 1c) . S4 scintillation indices above 0.6 are observed 5-10 min prior to the density enhancements due to the spatial separation between the scintillations pierce point and the overhead direction. A third airglow increase is seen between 21:40 and 22:10; this is flanked by increases in the S4 index. No density measurements were conducted at this time as a short period of absorption from the D layer inhibited the F-region echoes between 21:40 and 21:55 UT. Panel b shows 5 min averaged scintillation measurements obtained at Qaanaaq by the use of 250 MHz transmissions from quasi-stationary beacon satellites (Basu et al., 1998) . After 20:00 UT, the 350 km altitude sub-ionospheric intersection of the scintillation link was located at 77.6 • N, 77 • W and ∼ 200 km west of the Qaanaaq site (indicated by a white dot and the letters Sc in Fig. 2 ). Panels 1c and d show the peak density and bottomside density profiles measured by the digisonde at Qaanaaq. • in the center of the image indicate the direction of geographic north and east. Two white dots are used to indicate the center of the image field of view (Q) and the sub-ionospheric intersection of the scintillation measurements (Sc). At the beginning of the observations (20:00 UT), the sunward direction is toward geographic west and the dawn-dusk meridian almost aligned to the northsouth axis. A small number of clouds and some haze were present during the early period of the observations. However, after 20:20 UT, the sky was devoid of tropospheric interferences. Weber et al. (1984) , Fukui et al. (1994) , and Valladares et al. (1998) indicated that, near the center of the polar cap, the patches are preferentially elongated and quite often adopt a cigar-shaped form with the major axis closely aligned in the dawn-dusk direction. This type of patch configuration is seen in the image of 20:21 UT (Fig. 2) , where a long and elongated patch, closely aligned to the magnetic north-south direction, is observed extending across the imager field of view. Two other smaller airglow enhancements are detected on the western half of the image. Two additional patches are also present in this image: (1) a small patch (labeled 2) placed at the northern side adjacent to patch 1 and (2) a bright east-west segment (labeled 3) located near the southern edge of patch 1. The subsequent three images (20:25-20:29 UT) show patch 1 moving antisunward (eastward), and its apparent width, in the imager frame of reference, diminishing as it moves toward lower-elevation viewing angles that have coarser spatial resolution. Images recorded between 20:23 and 20:47 UT display the growth, brightening, and exit of patch 2 as it transits across the imager field of view. As time progresses, patch 2 is seen to extend further south and occupy a much larger area (20:35 UT), then move continuously toward the east and reach the eastern edge of the imager (20:47 UT). It is important to note, as demonstrated below, that the SuperDARN convection velocity was directed antisunward (eastward) during this time.
Qaanaaq images
Nevertheless, patch 2 "growth" was in the southward direction. The images of 20:37:03 and 20:39:03 UT show the appearance and brightening of a "new" patch (labeled 4) that intensifies near the western side of the patch that developed minutes before. Two additional observations support our hypothesis that the 630.0 nm emissions detected overhead the station at 20:37 UT correspond in fact to a polar cap patch: (1) before the appearance of patch 4, very faint emissions were observed close to where the patch develops (see image for 20:35 UT), and (2) the peak density in Fig. 1c and d increases above 10 6 cm −3 . In addition, the contour level of 10 5 cm −3 of Fig. 1d indicates that at 20:35 UT, the overhead F-region bottomside was at 240 km altitude, lower than the altitude (280 km) observed 20 min earlier.
Sondrestrom densities
On 20 November 2003 the Sondrestrom radar conducted a series of composite scans along two parallel planes. During composite scans both the azimuth (AZ) and elevation (EL) angles are varied accordingly to keep the lines of constant height parallel to a plane that embeds the vertical direction and the declination of the magnetic field above the radar site (−27 • from geographic north). Figure 4 presents the electron number density and the line-of-sight (LOS) velocities collected during two consecutive scans corresponding to the periods of 20:01:56-20:05:04 and 20:08:57-20:12:05 UT. In this figure the density contours have been projected to a plane in which the vertical axis is the true height and the horizontal line is the north-south distance along the geographic meridian. The initial values of the density contours were set to 10 5 cm −3 and the spacing between both contour levels was also made equal to 10 5 cm −3 . Note that the top panel of Fig. 4 corresponds to the western scan and the bottom panel shows measurements conducted during the eastern scan. Due to the nature of the composite scans, the spatial (latitudinal) and height variability of the density are intermixed. However, the main features of the polar cap patches can be recovered based on the main property of the patches extending for hundreds of kilometers. The western scan shows a patch with a peak number density almost equal to 10 6 cm −3 at 450 km altitude. This patch is placed between 0 and 400 km to the north and extends up to 850 km altitude. The eastern scan, conducted 7 min later, displays two density enhancements. The patch closer to the radar site has a peak value near 7 × 10 5 cm −3 at 500 km altitude and resides ∼ 300 km north of the radar site. The second patch is seen in the northern part of the eastern scan containing densities near 10 6 cm −3 at 700 km north of the Sondrestrom site extending further north toward the direction of Qaanaaq. Figure 4 also shows the LOS velocities using blue (toward the radar) and red (away) arrows of different lengths according to the magnitude of the plasma velocity. The fact that the velocities are all blue (toward the radar) in the west scan and all red (away from it) in the east scan indicates that the plasma velocity was mainly directed toward magnetic east and closely parallel to the boundary of the auroral oval and the polar cap. This interpretation is based on the nature of the composite scans in which the radar antenna is directed toward the west on the western scan and points toward the east on the eastern scan. Figure 5 shows again some of the density contours presented in Fig. 4 , but here the contour lines have been projected to a ground plane. The contours corresponding to 5 × 10 5 and 10 6 cm −3 indicate that the radar bisected the patch, measuring the cross section of a long and east-westelongated patch. This figure tion (green line with dots) of the 300 and 500 km constant altitude for both scans. Figure 5 also includes the 630.0 nm emissions measured by the Qaanaaq imager, and the DMSP-F13 satellite trajectory (red line) mapped along the B lines from 850 km altitude to the F region and then projected to the ground plane. The right panel shows in situ densities measured by the DMSP satellite and plotted according to the satellite trajectory as the satellite moved along in the geographic plot. Four density enhancements are displayed in the right panel clearly corresponding to the ISR density and airglow enhancements that were observed at Sondrestrom and Qaanaaq, respectively. Notice that the DMSP intersected the Sondrestrom east scan at 20:06 UT and later the Qaanaaq imager at 20:08 UT. It is evident that the first patch detected by DMSP-F13 at 20:06:10 UT corresponds to the density enhancement observed 350 km north and during the radar scan of 20:08:57 UT. The DMSP density enhancement at 20:07:20 UT is probably related to the density enhancement seen 700 km north of the radar site. The long density enhancement of 20:08:30 UT is associated with the airglow enhancement seen by the imager. A fourth patch detected by the DMSP satellite was almost outside and northward of the field of view of the Qaanaaq imager. Figure 6 shows several parameters measured during the dusk-dawn DMSP-F13 pass, whose trajectory is displayed in Fig. 5 . The top panel shows the four density enhancements that were mentioned above and were measured in the dusk side of the polar cap. A fifth density enhancement is seen in the dawn side of the polar cap at 20:12:10 UT, presenting a factor of 2 enhancement ratio. The dusk poleward boundary of the auroral precipitation is seen near 71 • mlat at 20:05 UT, marking the boundary of the auroral oval and the polar cap regions. Figure 5 suggests that this boundary (see DMSP trajectory at 20:05 UT) is placed about 200 km south of the Sondrestrom radar site and clearly equatorward of the density enhancements detected by the ISR. The DMSP drift velocities reverse from a sunward to an antisunward direction in a region equatorward of the particle boundary and are clearly antisunward within the polar cap. The DMSP particle data provide conclusive evidence that the density and airglow enhancements that were observed at Qaanaaq and Sondrestrom were well within the polar cap.
DMSP measurements
Patch drift velocities
We have calculated the drift velocity of the polar cap patches by using an algorithm that employs a 2-D cross-correlation analysis of two consecutive images. We compare our results with the magnitude and direction of the velocities provided by the SuperDARN potential patterns. By using images separated only by 2 min, we avoid drastic changes in the airglow view of polar cap patches that may be occurring due to largescale instability processes, or variations in the altitude of the F region. Earlier estimations by Fukui et al. (1994) of the patch drift velocities using 630.0 nm images indicated very good agreement between the patch velocities and the plasma drifts measured by a digisonde. They derived the patch drift velocities by tracking the location of the patch center of gravity. Their analysis applied to 43 patches concluded that the patch velocity did not deviate from the antisunward direction more that 150 m s −1 . More recently, an automated estimation of the patch drift velocity conducted by Hosokawa et al. (2006) reproduced the close control of the IMF B z component on the magnitude of the patch motion, and the B y dependence on the direction of the patch drift. The analysis of Hosokawa et al. (2006 Hosokawa et al. ( , 2009 consisted of a 2-D cross-correlation algorithm employing grids of 80 × 80 pixels to estimate the speed and direction of motion of the polar cap patches. f7 Our 2-D cross-correlation algorithm uses the image intensities of an area equal to 32 × 32 pixels (see Fig. 2 ) and correlates these values with the intensities of an identical region in the image gathered 2 min earlier. The full cross-correlation function is obtained by sliding the grid of one image in x and y with respect to the other. The patch velocity is directly proportional to the displacement that has the largest crosscorrelation factor. We selected a grid size smaller than the typical patch extension to allow for multiple drift vector estimations within a single patch. The main requirement of this method is that the spatial gradients and the boundaries of the polar cap patches remain coherent between consecutive images. We have restricted the patch drift calculations for areas above 30 • elevation. We have also considered a reliable estimation of the patch drift velocity only when the correlation factor is above 0.95. Figure 8 shows the patch outlines, the SuperDARN convection contours, and the patch vectors for four selected images obtained a few minutes after the image of Fig. 7 . These panels show that the patch velocities are mainly antisunward, containing average amplitudes and uncertainties equal to 560 ± 74, 600 ± 87, 730 ± 129, and 460 ± 70 m s −1 . The sudden decrease in the magnitude of the patch vector in the last panel is followed by smaller SuperDARN velocities and consequently an increase in the separation of the potential contours. Reasonably good agreement between the vector directions and the SuperDARN contours is seen as the differences are comparable to the patch drift velocity uncertainties.
A trajectory analysis technique
Trajectory analysis is a numerical technique that consists of transporting, backward or forward in time, the ground location of quasi-vertical field lines based on the best estimate of the ionospheric E × B velocity field (Crowley et al., 2000) . A trajectory analysis technique, based on maps of ionospheric convection obtained from the assimilative mapping of ionospheric electrodynamics (AMIE) technique, was used by Bust and Crowley (2007) to indicate that some of the patches detected by the EISCAT Svalbard radar on 12 December 2001 were part of the TOI. We have used a trajectory analysis algorithm to step backward in time the outline locations of several patches observed between 20:41 and 21:29 UT. Our analysis includes time steps equal to 30 s as well as velocities determined by the SuperDARN convection patterns with a 10 min cadence time. The time step was short enough to assure reliable backward tracing along equipotential contours. The patch boundaries were defined by using the locations of the contours corresponding to 80 R airglow enhancements (green traces of Fig. 3) . One of the goals of the trajectory analysis technique was to inspect the characteristics of the velocities and the nature of the coherent echoes recorded by the Kapuskasing radar at the time and location when the back-traced locations were near the dayside throat region. Figure 9 shows the results of a trajectory analysis in which the images of 20:41:03 (red), 21:01:03 (blue), and 21:29:03 UT (green) are used to define the patch boundaries. The upper (lower) panels of Fig. 9 show the back-traced location of the patches at two instances separated by 10 min displayed in a CG (geographic) coordinate system. The "red" and "blue" patches delineate regions where the number density is higher than the background polar cap density. The shape of these two patches suggests that they have been part of a much larger entity that was probably "broken up" by a formation mechanism. The location of the patches in the convection pattern of Fig. 9 suggests that they originated . The important feature of these two plots is the small region of enhanced velocities (1.7 km s −1 , green pixels) seen near the center of the radar scan. The left panel shows the enhanced velocity to be below 70 • , and to be in close proximity with the location of the gap that is observed between the red and blue patches in the lower panels of Fig. 9 . The panel that starts at 19:42 UT in Fig. 10 (right side) displays a much longer and slightly wider channel that almost coincides geographically with the gap region between the red and blue patches. The east side of the plasma enhancement (green pixels) shows a sharp gradient, suggesting a certain degree of confinement. We also inspected the velocities from the adjacent panels to conclude that the 1.7 km s −1 velocities were restricted to three consecutive scans (∼ 6 min). They decayed before 19:46 UT. Figures 9 and 10 suggest an association between the existence of a region of large plasma velocities and the region of low densities within the patches. Rodger et al. (1994) and Valladares et al. (1994) provide evidence of channels of large flows, or plasma jets, splitting the TOI and forming smaller discrete entities. The peak magnitude of the enhanced plasma velocity is smaller than the value reported by Valladares et al. (1994) ; however, a localized region con- taining plasma drifts of 1.7 km s −1 , or a set of twin vortices with a central region of 1.7 km s −1 velocities, should be able to produce large Joule heating, increase the recombination coefficient, and form regions of reduced densities.
Modeling
We have used the Global Theoretical Ionospheric Model (GTIM) of the high-latitude ionosphere to investigate the possibility whether a small downward vertical wind associated with a large-scale propagating gravity wave is able to increase the amount of 630.0 nm airglow emissions. GTIM is based on the numerical code initially developed by Anderson (1971 Anderson ( , 1973 for the low-latitude ionosphere, but has been extensively modified to correctly simulate the effect on the TOI density produced by a variable polar cap size (Anderson et al., 1988) , to reproduce highly structured densities as observed at Sondrestrom, Greenland (Decker et al., 1994) , to define the role of large plasma jets and traveling vortices on patch formation , and to model boundary blobs . The high-latitude GTIM is a 1-D ionospheric model that calculates the ion density by numerically solving the time-dependent O + continuity equation along a flux tube. However, the model can attain a three-dimensionality by repeating the calculations along several flux tubes. GTIM includes the effect of ionization by solar EUV radiation and electron precipitation, loss through charge exchange with N 2 and O 2 , transport by diffu- sion, neutral winds, and E × B convection drifts. The MSIS and Hedin's wind models supply neutral densities and winds, respectively, and an option to specify a value for the vertical wind was added to see its effect on density profiles. We also modified GTIM by including a parameterized model of soft electron precipitation, a calculation of the E × B plasma drift based upon the SuperDARN convection patterns, and a first-order approximation of the NO + density based on chemical equilibrium.
During the 1990s the Dynamics Explorer 2 satellite discovered the existence of vertical velocity perturbations within the polar cap of the order of 100 m s −1 containing horizontal wavelengths along the satellite path of ∼ 500 km that occur in association with the transit of large-scale gravity waves during magnetically active periods (Johnson et al., 1995) . Based on these observations, we decided to investigate, numerically, the effect that a vertical wind could have on the airglow emissions associated with the polar cap patches that were circulating during the super-storm of November 2003.
We have modeled the ionospheric density along flux tubes that transited over Qaanaaq between 20:00 and 21:00 UT on 20 November 2003. The simulation was initiated by tracing these flux tubes backward in time until they were passing over the dayside throat region. At these locations, densities along the flux tubes were made equal to the density profile measured by the Millstone Hill (53 • CGLAT) radar (Foster et al., 2005) . The model proceeds by conducting a full solution of GTIM along a forward tracing of the convection path. The initial density profile was measured near the cusp region at 17:30 UT (their Fig. 8 ) and characterized the SED/TOI plasma containing densities above 10 6 cm −3 near 500 km altitude. Although the path calculation is restricted to the limits of the SuperDARN data (60-90 • CGLAT), this initial profile is probably a reasonable one given the overall magnetic storm condition and the fact that we are not trying to closely reproduce the densities observed at Qaanaaq but rather to study the effect that a vertical wind has on the emission rates associated with polar cap patch densities. However, we noticed that doubling the amount of atomic oxygen provided by the MSIS model increased the F-region peak altitude to values closer to the values measured by the Qaanaaq digisonde. To assess the effect of a burst of vertical wind, we introduced a nominal 70 m s −1 downward vertical wind that lasts from 20:10 to 20:30 UT. This wind produces a downward component parallel to the nearly vertical magnetic field lines and causes the peak altitude to descend few tens of kilometers. We also noticed that the number density at 300 km altitude increased from 2 × 10 4 to 2 × 10 5 cm −3 and the shape of the F-region bottomside varied when the vertical wind was applied. The new density profiles over Qaanaaq were used to estimate the 630.0 nm column emission rate, J 6300 , in rayleighs due to dissociative recombination using Eq. (1) derived by Tinsley and Bittencourt (1975) .
where γ 1 is the O + and O 2 rate coefficient, A is the radiative transition coefficient for the 1 D term, and d(z) is the quenching frequency given by
where S N 2 and S e are the quenching coefficients for quenching on N 2 and electrons, respectively. The dashed line of Fig. 11 shows the column rate as a function of time calculated using Eqs. (1) and (2). A maximum increase equal to 260 R was obtained during the simulations. Figure 11 also shows the relative brightness of patches 2 and 4 (see Fig. 3 ) as they transited across the imager field of view. It is observed that patch 2 brightened by ∼ 200 R and that patch 4, located further sunward (westward in geographic coordinates), increased by 170 R.
To strengthen our claim on the presence of a downward motion of the ionosphere, we present Fig. 12 , which shows the LOS velocities measured by the Sondrestrom ISR on 20 November 2003, when the radar was pointing along the magnetic field (upward B). This figure displays alternating bands of upward (red) and downward drift velocities (blue) with a 40-60 min periodicity. Plasma drifts reaching values up to ±50 m s −1 were observed between 19:50 and 23:00 UT. It is well known that, when the ISR antenna is pointed parallel to B, the radar is able to measure the magnitude of the component of the neutral winds along the magnetic field. As the ionosphere plasma drifts in the E × B direction, any plasma motion along B is closely related to the neutral wind component in the upward B direction. We suggest that the upward, and then downward, neutral wind motions are due to the passage of a train of large-scale gravity waves. During the major magnetic storm of 20 November 2003, the Sondrestrom radar made observations along the B field that were interleaved with the composite scans (Fig. 4) with a repetition period of ∼ 10.5 min. We also indicate that the Sondrestrom ISR is located about 1300 km south of the Qaanaaq imager. The Sondrestrom radar measured a downward velocity in the bottomside F region between 19:50 and 20:20 UT. As large-scale TIDs (traveling iosnosphere disturbances) propagate with an average velocity of 850 m s −1 , it is concluded that the TID will reach Qaanaaq 25 min later (20:15 UT). This calculation explains the fact that the velocities at Sondrestrom were upward between 20:10 and 20:40 UT, when the patches observed at Qaanaaq were moving downward.
Discussion
We have presented multi-instrument measurements of polar cap patches that developed during the recovery phase of the 20 November 2003 magnetic storm. Various instruments provided redundant observations of the patch dynamics and structuring (imager, scintillation receiver and the digisonde at QaanaaQ, Sondrestrom ISR, SuperDARN radars, and the DMSP F13 satellite). We have also applied a trajectory analysis technique and a 2-D cross-correlation algorithm and modified the GTIM of the high-latitude ionosphere in order to trace patch locations backward to times when they are crossing the dayside throat region and to investigate the possible effect that a vertical neutral wind has on airglow intensity.
During major magnetic storms, the TOI becomes a dense stream of cold plasma that has a source in the SED density that is transported from much lower latitudes by the SAPS electric field (Foster et al., 2005) , there exist severe disruptions of the thermosphere composition as regions of de-pleted O / N 2 ratios extend from high latitudes to the Equator (Meier et al., 2005; Crowley et al., 2006) , and there is a penetration of the interplanetary electric field (Huang et al., 2006) that reaches the equatorial ionosphere and generates a much larger fountain effect that is able to transport the anomaly crests to 20 • or more away from the magnetic equator. These mechanisms provide a polar cap ionosphere rich in unusually high plasma density and gradients. Weber et al. (1986) , and Basu et al. (1988) pointed out that the gradient drift instability (GDI) was responsible for the onset of mesoscale (10 km to 100 m) irregularities within the polar cap patches. While the linear GDI is only unstable on the trailing edge of the patch, in the nonlinear regimen GDI predicts the development of mesoscale structures that propagate from the unstable edge, through the patch, and reach the stable side (Gondarenko et al., 2003; Gondarenko and Guzdar, 2004) . On 20 November 2003, we observed that the density spikes seen at 20:33 and 20:57 UT (Fig. 1c) have corresponding high airglow enhancements and significant levels (∼ 0.6) of UHF scintillations. However, between 19:50 and 20:20 UT, when the number density was only half (10 6 cm −3 ) of the density observed at 20:33 UT, the scintillation S4 index was saturated. This nonlinear relationship between number density and the S4 index indicates the importance of making a full estimate of the plasma conditions associated with the patches. It is necessary to measure the plasma drift in the neutral frame of reference, the density gradient, and the temporal evolution of the electric fields, and probably necessary to know the formation mechanism of the polar cap patch. These parameters dictate the level of plasma structuring that develops within a patch. We also note that a small time lag (3 min) should be considered due to the offset distance of the scintillations sub-ionospheric penetration point and the zenith direction.
To the best of our knowledge, patch brightenings as observed on 20:37 UT have never been documented before. We hypothesized that this aspect of the patch evolution on 20 November 2003 could be attributed to the passage of largescale gravity waves. These waves have been observed inside the polar cap by Johnson et al. (1995 ) (W. B. Hanson, personal communication, 1993 during magnetically disturbed periods. We do not have simultaneous measurements of the neutral atmosphere conditions during the period under study. However, the Sondrestrom ISR observed oscillatory (e.g., up and down) LOS velocities when the antenna was looking along the local field line. It is also important to indicate that the Qaanaaq digisonde measured a density contour corresponding to 10 5 cm −3 , showing a downward progression starting at 20:10 UT. To compare the model results and the airglow measurements, we quantified the calibrated enhancement of 630.0 airglow emissions associated with patches labeled "2" and "4" (Fig. 3) as they transited across the imager field of view. We measured a rapid increase of 200 and 170 R for patches 2 and 4, respectively. It is important to mention that these measurements were carried out when the patches were located above 25 • elevation. We conducted numerical simulations of the polar ionosphere incorporating a vertical thermospheric wind into the 1-D equations of continuity and momentum. A 70 m s −1 downward wind was applied between 20:10 and 20:30 UT to mimic the behavior of the gravity wave passing above the station. A downward vertical wind will bring higher density F-region plasma to lower altitudes, increasing the recombination of F-region plasma. Our results indicated an airglow enhancement equal to 265 R, or 25 % higher than the enhancement of patch 2. A more precise simulation can be conducted if good estimates of the O / N 2 ratio, the initial density at the throat region, and the value of the downward wind are gathered (Barbier et al., 1962; Sojka et al., 1997; Sakai et al., 2014) . However, the numerical results of the effects that a small vertical component of the wind can generate on patch airglow emissions are very encouraging. These calculations also support our hypothesis that a train of large-scale gravity waves can be responsible for the variation in airglow emissions.
We have applied a trajectory analysis algorithm to airglow contours of images observed at the Qaanaaq station to investigate the origin and the formation mechanism of polar cap patches. Bust and Crowley (2007) backtracked observations from the EISCAT Svalbard radar to conclude that some of the patch density had originated in the morning side. MacDougall and Jayachandran (2007) also suggested that the origin of the patches observed inside the polar cap could be in the dawn cell. Moen et al. (2007) indicated that the patches could equally exit and then re-enter from the dawn and dusk cells. Our trajectory analysis helps us to conclude that the majority of the patches observed on 20 November 2003 -during a major magnetic storm -were originated in the afternoon side, transported into the polar cap by the polar convection, and probably formed (broken up) by processes related to the cusp electrodynamics. Two consecutive scans conducted by the Kapuskasin radar have indicated the existence of a channel containing a flow near 1.7 km s −1 that coincides, considering a small offset due to uncertainties of the trajectory analysis, with the region that is in between the patches. We suggest that, at 19:41 UT, plasma originated from the afternoon region was about to enter the polar cap when a narrow channel of 1.7 km s −1 velocities, which probably was originated in association with the cusp, increased the Joule heating, the ion temperature, and the O + recombination rate. We also indicate that the large plasma jet of 1.7 km s −1 contained shears on both sides of the jet that not only seed other type of instabilities (Carlson, 2012) but also move flux tubes at different locations helping to dissect the otherwise continuous TOI. The temporal and spatial collocation between the large flow and the patch gap suggests a relationship between these two structures and raises the possibility that the patches of 19:41 UT (Fig. 9) were formed by the large plasma jet mechanism. It is also important to mention that found patches that were segmented equatorward of the cusp/cleft region by downward Birkeland current sheets.
